The Infrared Cloud Imager (ICI), a passive thermal imaging system, was deployed at the North Slope of Alaska site in Barrow, Alaska, from July 2012 to July 2014 for measuring spatial-temporal cloud statistics. Thermal imaging of the sky from the ground provides high radiometric contrast during night and polar winter when visible sensors and downward-viewing thermal sensors experience low contrast. In addition to demonstrating successful operation in the Arctic for an extended period and providing data for Arctic cloud studies, a primary objective of this deployment was to validate novel instrument calibration algorithms that will allow more compact ICI instruments to be deployed without the added expense, weight, size, and operational difficulty of a large-aperture onboard blackbody calibration source. This objective was successfully completed with a comparison of the two-year data set calibrated with and without the onboard blackbody. The two different calibration methods produced daily-average cloud amount data sets with correlation coefficient = 0.99, mean difference = 0.0029 (i.e., 0.29% cloudiness), and a difference standard deviation = 0.054. Finally, the ICI instrument generally detected more thin clouds than reported by other ARM cloud products available as of late 2015.
Acronyms and Abbreviations
The ICI instrument was deployed close to the Great White facility at the North Slope of Alaska site and operated as autonomously as possible. The ICI instrument was operated 24 hours per day, 7 days per week, obtaining one cloud image at a user-selected interval that varied from approximately 1 minute and up. Typical operation was to obtain one image in a 1-5-minute period. During periods when more variability was expected, a high-temporal-resolution mode was employed, during which the imager acquired one image every few seconds. This mode was usually continued for several tens of minutes. The radiometrically calibrated thermal sky images were processed to remove atmospheric emission (using ARM-measured precipitable water vapor and air temperature). The resulting "residual radiance" images were used to identify cloud and no-cloud pixels in each image and to estimate the cloud optical depth for each cloudy pixel. These image sequences were processed to produce histograms of cloud fraction by season and month. A particularly noteworthy product of this campaign was separate cloud histograms for daytime and nighttime, focusing on the ICI's unique ability (relative to a visible imager) to obtain measurements with unchanging sensitivity during day and night.
The ICI technique relies on the naturally high radiometric contrast that exists between the down-welling thermal emission from a cloud and the clear sky Shaw et al. 2005) . Whereas a downward-viewing sensor frequently has difficulty identifying clouds because of low radiometric contrast with the surface, an upward-viewing sensor sees the cloud against a very cold, weakly radiating atmosphere. This contrast is particularly high in the dry Arctic atmosphere because the primary source of long-wave IR clear-sky emission is water vapor.
At the heart of the ICI instrument deployed in this campaign is a small thermal infrared camera for which radiometric calibration was achieved with two different methods: 1) using real-time images of a largearea blackbody source; and 2) using advanced algorithms that track the changing camera response and monitor the changing camera offset using an internal shutter as an equivalent external blackbody (Nugent et al. 2013a; . The instrument was packaged in a weatherproof housing and connected via Ethernet connection to a control computer and the Internet. The optics module was located outside and the computer was inside a nearby shelter to provide remote instrument control and data acquisition. The infrared camera in the ICI system images the down-welling radiance in a wavelength band of approximately 8-13.5 m, a "window region" of high atmospheric transmittance in the absence of clouds. Nevertheless, reliable cloud detection measurements require careful removal of the clear-sky emission. This is done in the earlier ICI algorithms with a curve-fit relation developed from radiative transfer models, using precipitable water vapor and air temperature as inputs Thurairajah and Shaw 2005) . The wider-angle ICI systems also incorporate measured pixel angles to account for offzenith angular variation of the atmospheric emission (Nugent et al. 2009a; Nugent et al. 2013b; .
Raw digital images from the thermal camera were calibrated to produce radiance images [W/(m 2 sr)]. An independent calibration was used for each pixel to achieve high image uniformity and accuracy. The camera has an uncooled microbolometer detector array (Kruse 2001) , removing the need for liquid nitrogen or mechanical cryo-coolers. We have expended great effort to develop and validate techniques for calibrating these room-temperature detectors at the low levels of Arctic atmospheric emission Nugent et al. 2009a, b; Nugent et al. 2013a .
ICI radiance images contain emission from the atmosphere and from clouds, if present. Clouds are identified by removing the clear-sky atmospheric emission component and comparing the residual radiance to a threshold determined from the calibration and atmospheric models based on historic radiosonde data. Thin ice clouds are the most difficult to detect, but experiments with the ICI, a cloud lidar, and radiosondes have shown that even sub visual cirrus clouds can be detected with care, visible cirrus clouds with OD > 0.25 are identified readily, and thicker clouds are detected easily. Our more advanced algorithms use temporal variations of pixel brightness and angular gradients of measured radiance to obtain better thin-cloud sensitivity than could be achieved with radiometric thresholding alone because the largest radiometric uncertainty arises typically from the clear-sky atmospheric emission model, not the camera calibration. 
Notable Events or Highlights
In accordance with AON Program policy, the focus of our efforts has been on collecting and validating the Arctic cloud data rather than conducting intensive data analysis. However, several examples are included here to demonstrate the value of the data obtained in the campaign. Figure 2 shows a radiance image (left), processed to produce a conventional binary cloud map showing clear and cloudy pixels (center), and a cloud map showing the visible cloud optical depth estimated for each pixel (right). The ability of the ICI instrument to map the variability in cloud optical depth provides much greater information for studies of cloud spatial radiative properties. Note also that the bright spot in the upperright corner of the radiance image, corresponding to the dark region in the cloud mask and cloud OD image, marks the location of the sun. The ICI systems require no sun occulter and we simply track the sun's location and remove the affected pixels during processing. The value of the optical depth retrieval capability is illustrated further in Figure 3 , which shows a timeseries plot of ICI total cloud amount (black line), ICI "thin cloud amount" (OD < 2, green line), and "thick cloud amount" (OD > 2, red line). Although the black line indicates that this day had nearly constant 100% cloud cover, the ICI cloud classification data show that the sky was covered with thin clouds early, and thick clouds later. The down-welling long-wave radiative forcing measured by the ICI (residual radiance multiplied by the field of view solid angle) increased from +5 W/m 2 in the morning to more than +20 W/m 2 in the afternoon. The down-welling long-wave cloud radiative forcing (CRF) increased from +5 to more than +20 W/m 2 with essentially no change in the total cloud amount because of changing cloud optical depth.
Lessons Learned
There were many lessons learned, but one of the primary ones to note for the future was that the instrument operated especially well after we found an all-metal replacement for a critical gearbox mounted on the motor that pointed the small infrared camera alternately at the blackbody calibration source and the sky port. Despite an impressive cold-weather rating, the original gearbox turned out to contain plastic gears that eventually broke in the cold.
Results
Following calibration, quality-control checks, and removal of atmospheric emission, the ICI data were processed to generate a time series of cloud amount (% of pixels containing clouds), which were averaged by day and month. Figure 4 shows a two-year time-series plot of daily cloud amount for the complete deployment from July 2012 to July 2014, indicating that the instrument operated nearly continuously except for a few long gaps for maintenance in summer and early fall, 2013. Figure 5 shows a climatology of monthly-average cloud amount that uses blue and yellow colors to separately indicate thin and thick clouds, respectively. In this case, "thin" means clouds with visible optical depth less than 2 and "thick" means clouds with optical depth greater than 2. The data set used to create this figure was processed to avoid false detections. These results show an annual-averaged total cloud amount of 0.84, higher than the combined radar-lidar estimate of 0.78 and ceilometer estimate of 0.75 found for Barrow data from 1998 to 2008 (Dong et al. 2010 ), but nearly identical to the results reported by Shupe et al. (2011) for Barrow and with a very similar annual cycle as found in both of these previous studies. One of the interesting results of this deployment was that the ICI data reported a significant number of thin clouds that were not detected or not counted as clouds by the other ARM sensors. Unfortunately, during this deployment the upgraded cloud radar and high-spectral-resolution lidar both generated data that were still marked as "suspect" as of the writing of this report, and the micropulse lidar was reporting spurious clouds that we do not yet understand, so we had limited cloud data to compare with. However, we did compare our measurements with those from the ceilometer (CEIL) on 530 days of common operation, the Total Sky Imager or TSI (visible-wavelength all-sky imager) for the 346 common operating days, and the Skyrad and MFRSR estimates of cloud fraction for the 202 and 124 days, respectively, with common data. The most meaningful of these comparisons is with ICI and CEIL, which is summarized in the daily average cloud amount scatterplots in Figure 6 . These plots are for the ICI data calibrated with the onboard blackbody. The left-hand plot is for ICI coefficient = 0.90, mean difference = -0.066, standard deviation = 0.16), while the right-hand plot is for Given the frequent spatial heterogeneity of thin clouds, it is not surprising that the zenith-pointing ceilometer and most-of-sky-viewing ICI disagree mostly for thin clouds. However, this difference also could result partly from thin ice clouds near the ground. It is important to note that for this comparison with the ceilometer and for other comparisons with the other ARM cloud sensors, the correlation coefficient was highest when the ICI data with OD < 0.25 were neglected, meaning that the ICI instrument frequently detected thin clouds that were either not detected or not classified as clouds by the other sensors. Note that there are ICI images in which even lower-OD clouds are apparently present, but the 0.25 value is the threshold above which the routine processing algorithms have proven reliable. It would be useful to conduct future deployments that include careful human observations of diamond dust and ice fog as ground truth to carefully document the ICI thin cloud sensitivity at Barrow in winter.
One of the most important results of this study is the comparison of ICI results with and without the use of an onboard blackbody calibration source. Figure 7 shows the results of this comparison as a scatterplot of daily cloud amount derived from the two calibration methods. The vertical axis shows data calibrated with the onboard blackbody and the horizontal axis shows data calibrated without the blackbody (instead relying on our advanced algorithms that track the changing camera response using internal camera measurements [Nugent et al. 2013a; ). This figure indicates that the adaptive algorithms performed extremely well, producing data that agreed with the blackbody-calibrated data with a correlation coefficient of 0.990, a mean difference of 0.0029 (i.e., a difference of 0.29% cloud fraction), and a difference standard deviation of 0.054. This is an extremely encouraging result, which indicates that future ICI instruments can be made with notably lower cost, smaller size, and lower weight. In fact, our analysis shows that the differences in this figure are smaller than or comparable to the uncertainties in the blackbody source accuracy over the wide-angle field of view. 
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In accordance with AON Program policy, our main efforts have been on collecting and validating Arctic cloud data. Therefore, the publications related to this campaign focus on instrument calibration methods, the ICI method in general, and the use of the ICI camera calibration algorithms in related atmospheric imaging applications. 
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